Many mitochondrial proteins are synthesized with N-terminal presequences that are removed by specific peptidases. The N-termini of the mature proteins and thus peptidase cleavage sites have only been determined for a small fraction of mitochondrial proteins and yielded a controversial situation for the cleavage site specificity of the major mitochondrial processing peptidase (MPP). We report a global analysis of the N-proteome of yeast mitochondria, revealing the N-termini of 615 different proteins. Significantly more proteins than predicted contained cleavable presequences. We identified the intermediate cleaving peptidase Icp55, which removes an amino acid from a characteristic set of MPP-generated N-termini, solving the controversial situation of MPP specificity and suggesting that Icp55 converts instable intermediates into stable proteins. Our results suggest that Icp55 is critical for stabilization of the mitochondrial proteome and illustrate how the N-proteome can serve as rich source for a systematic analysis of mitochondrial protein targeting, cleavage and turnover.
INTRODUCTION
Many proteins of cell organelles such as mitochondria, chloroplasts and endoplasmic reticulum are synthesized with signal sequences that are proteolytically removed by specific enzymes. For the majority of organellar proteins, however, the mature N-termini have not been determined experimentally. In case of mitochondria, the most comprehensive studies on their protein composition have been performed in the yeast Saccharomyces cerevisiae. Proteomic analyses indicated that yeast mitochondria contain $1000 and human mitochondria $1200-1500 different proteins that function in numerous processes, including bioenergetics, protein translocation, folding and degradation, metabolism of amino acids, lipids, heme and iron, genome maintenance, membrane dynamics, signaling and apoptosis (Sickmann et al., 2003; Prokisch et al., 2004; Reinders et al., 2006; Pagliarini et al., 2008) .
Ninety-nine percent of mitochondrial proteins are synthesized in the cytosol and translocated into the organelle. Many proteins carry positively charged N-terminal targeting signals, termed presequences, which are removed upon import (Dolezal et al., 2006; Neupert and Herrmann, 2007; Bolender et al., 2008) . Presequences direct the import of most matrix proteins, a significant fraction of inner membrane proteins and several intermembrane space proteins. The major presequence protease is the mitochondrial processing peptidase (MPP) located in the matrix (Taylor et al., 2001; Neupert and Herrmann, 2007) . The mitochondrial intermediate peptidase (Oct1) functions after MPP and typically removes an octapeptide from several preproteins (Gakh et al., 2002) . The inner membrane protease (IMP) also functions after MPP and removes a hydrophobic sorting signal that is located behind the matrix targeting signal (Gakh et al., 2002; Neupert and Herrmann, 2007) . In addition, the m-AAA protease and the rhomboid protease Pcp1 of the inner membrane were shown to cleave a few preproteins (Esser et al., 2002; Nolden et al., 2005) . Mitochondrial processing defects are involved in human diseases such as hereditary spastic paraplegia (Nolden et al., 2005) .
However, these observations are based on the analysis of a small subset of preproteins. Since the exact N-termini of the mature proteins and thus the processing sites have only been determined for a minor fraction of the mitochondrial proteome, we have only limited information on preprotein processing and its functional relevance. As a consequence, the widely used prediction programs (Emanuelsson et al., 2007) could only be trained with a small number of proteins and the prediction of cleavage sites is often not successful. A major unsolved question is the cleavage site specificity of MPP. While an arginine in the C-terminal region of the presequence seems to be a critical determinant for cleavage, it is not understood why in the two most frequent MPP motifs, the arginine residue is either located at position À2 (R-2 motif) or at position À3 (R-3 motif) from the cleavage site (Schneider et al., 1998; Emanuelsson et al., 2001 Emanuelsson et al., , 2007 Gakh et al., 2002; Habib et al., 2007) . Numerous mutational studies indicated that R-2 as well as R-3 were important for cleavage by MPP (summarized in Gakh et al., 2002) and thus an experimental solution has not been achieved so far.
Here we report a global analysis of mitochondrial processing sites by determining the mature N-termini of the majority of known mitochondrial proteins. The resulting N-proteome revealed that cleavable presequences are significantly more frequent than predicted. We identified a new processing peptidase, Icp55, which removes a single amino acid residue after the MPP cleavage site and thus converts the R-3 motif to an R-2 motif, solving the controversial situation regarding MPP cleavage. A systematic analysis suggests that Icp55 is critical for the stability of the mitochondrial proteome. Icp55 cleaves preprotein intermediates that carry a destabilizing N-terminal amino acid residue according to the N-end rule for bacterial proteins (Varshavsky, 1996 (Varshavsky, , 2008 Mogk et al., 2007) . Our study suggests that the intermediate peptidase stabilizes mitochondrial proteins by converting destabilizing N-termini, which were generated by the action of MPP, into stable N-termini. The N-proteome represents the first systematic resource for the characterization of authentic mitochondrial presequences and their processing and thus provides an important foundation for the analysis of mitochondrial protein biogenesis and turnover.
RESULTS

Identification and Validation of the Mitochondrial N-Proteome
The experimental strategy for a systematic identification of the N-termini of mature yeast mitochondrial proteins is outlined in Figure 1 . A crude mitochondrial preparation was isolated from S. cerevisiae by differential centrifugation. A highly purified mitochondrial fraction was then prepared by sucrose gradient centrifugation (Sickmann et al., 2003) and subjected to combined fractional diagonal chromatography (COFRADIC) according to Gevaert et al. (2003) . Free amino groups were blocked by acetylation. After digestion with trypsin, chymotrypsin or V8 protease, a first reverse-phase (RP)-HPLC run was performed (Figure 1A) . The free N-termini of internal peptides (generated by the proteases) were modified by 2,4,6-trinitrobenzenesulfonic acid (TNBS). The strong hydrophobicity of the TNB-group led to a retention time shift of internal peptides in a secondary, identical RP-HPLC run. The N-terminal peptides were eluted in the same fraction in both HPLC runs and analyzed by LC-MS/MS. The N-peptides were compared with the 851 proteins of the most comprehensive proteomic analysis of yeast mitochondria, the PROMITO dataset (peptides starting from residues 1-100; see Supplemental Experimental Procedures available with this article online; Reinders et al., 2006) . This led to the identification of the N-termini of 615 different proteins ( Figure 1B and Table S1 ).
Two approaches were used to assess the validity of the determined N-termini ( Figure 1B) . (1) We performed a systematic search of the original literature and found that the N-termini of 50 N-proteome proteins had been experimentally determined in single protein studies (control set, Table S2 ). The N-proteome agreed with 47 of the 50 reported N-termini (94% accuracy). (2) We imported radiolabeled preproteins into mitochondria and compared the in organello processing product with in vitro synthesized truncated versions of the proteins according to the determined N-termini of the N-proteome. In each case, the mobility of the processed preprotein on SDS-PAGE was indistinguishable from the truncated version derived from the N-proteome ( Figure S1A ). We also tested proteins that were found not to contain presequences according to the N-proteome (N-terminal peptide starting with amino acid residue 1 or 2). These proteins, which are termed noncleavable precursors in the mitochondrial import field, were imported into mitochondria but did not undergo further cleavage ( Figure S1B ). The in organello import experiments thus fully agreed with the N-proteome data for both cleavable and noncleavable precursors.
For a number of proteins such as Gif1 and Pdb1, more than one N-terminus was found (Tables S1 and S3 ). We thus synthesized two truncated versions of the proteins and compared them to the in organello processing product ( Figure S1A ). The N-terminus identified with the higher frequency typically corresponded to the in organello processed mature protein, whereas the low frequency peptides were likely derived from processing intermediates (Tables S1-S3 ; see also below the detection of intermediates of Icp55 and Oct1). We generated the N-proteome master set of 585 N-termini that were reproducibly identified (see Supplemental Experimental Procedures) and deduced the presequences (Table S3) .
The distribution of proteins over the four mitochondrial subcompartments (14% outer membrane, 8% intermembrane space, 39% inner membrane and 39% matrix; Table S3 ) agreed well with the typical distribution of mitochondrial proteins in the Saccharomyces genome database (SGD), indicating that the analysis was not biased against individual mitochondrial subcompartments.
A possible limitation of the N-proteome is a cleavage of mitochondrial proteins by unspecific or nonmitochondrial proteases that are copurified during isolation. The protocol for the isolation of highly pure mitochondria used here minimized this problem since the cells were homogenized in the presence of a protease inhibitor cocktail, other organelles such as lysosomes were rapidly removed and the mitochondria were only lysed after removal of the contaminants (Sickmann et al., 2003) . Surfaceexposed mitochondrial outer membrane proteins like Tom proteins are the most sensitive markers for unspecific cleavage. Western blot analysis indicated that the isolated mitochondria contained intact Tom proteins (Sickmann et al., 2003 (B) Overview of data processing and analysis. Validation of determined N-termini by in vitro import and processing by isolated mitochondria is illustrated in Figure S1 . The N-termini identified in the N-proteome were compared to cleavage sites predicted by TargetP and MitoProt II as outlined in Figure 2C .
and thus a cleavage could be monitored by the COFRADIC analysis. In each case, peptides starting with residue 1 or 2 were the most abundant ones and peptides starting with internal residues were of lower abundance (Tables S1 and S3) . A further potential limitation would be an incomplete labeling of internal peptides with TNBS. We thus performed four consecutive cycles of TNBS labeling for each sample, leading a labeling yield of more than 98% (Gevaert et al., 2003) . In addition, to distinguish N-terminal peptides from internal peptides that escaped TNBSlabeling, the difference in acetylation with a trideutero-acetyl group was taken into account. We conclude that our experimental approach combined with the analysis of the most frequently identified N-peptides strongly minimized the problems of unspecific proteolysis and incomplete TNBS-labeling and yielded the true N-terminus with high confidence also for surface exposed proteins.
Presequences and Predictions
So far, the characteristics of most mitochondrial presequences were derived from prediction programs that were trained on a small set of proteins with experimentally determined N-termini. Using the N-proteome presequences, the majority of authentic mitochondrial presequences could now be systematically analyzed. We observed a good agreement for the basic characteristics of presequences (length, charge), but noted strong differences between the N-proteome and prediction programs with regard to cleavage sites for the majority of precursor proteins. Presequences were predicted to typically possess a positive net charge and a length of $20-60 amino acid residues (Gakh et al., 2002; Habib et al., 2007; Emanuelsson et al., 2007) . Similarly, the most frequent net charges of the N-proteome presequences were +3 to +6 and the predominant length distribution was 15-55 amino acid residues (Figure 2A ). In addition to a significant number of long presequences (>65 residues), very short presequences were also observed. The 6-residue extension of Atp17 was the shortest presequence of the N-proteome, for which import and processing by isolated mitochondria in a membrane potential (Dc)-and MPP-dependent manner was observed ( Figure S1C and Table S3 ).
Seven substrates of the mitochondrial intermediate peptidase Oct1 have been known in yeast mitochondria (Branda and Isaya, 1995; Schneider et al., 1998; Gakh et al., 2002) . We identified five more substrates by inspection of the N-proteome and importing radiolabeled preproteins into wild-type and oct1D mitochondria (accumulation of the intermediate forms in oct1D mitochondria; Figure S1D and Supplemental Experimental Procedures). COFRADIC analysis led to the identification of both intermediate and mature forms for the new substrate Cpr3 in wild-type mitochondria, with the typical 8-residue difference (Tables S1 and  S3 ). The relative frequency of amino acid residues of the twelve Oct1 substrates is shown in Figure S1E , including arginine (Table S3 and Supplemental Experimental Procedures) and control set (N-termini previously determined in single protein studies; Table S2 and Supplemental References).
(B) Comparison of the cleavage sites of proteins from the control set (Table S2 ) with the cleavage sites determined in the N-proteome master set (Table S3 ) and cleavage sites predicted by MitoProt II and TargetP (for the prediction programs, the cleavage site ± 1 residue was counted).
(C) Comparison of the cleavage sites determined in the N-proteome master set (Table S3 ) with the cleavage sites predicted by MitoProt II and TargetP (the cleavage site ± 1 residue was counted). Columns 3 and 4, and 5 and 6 separate between cleavable (279) and noncleavable precursor proteins (122), respectively.
at À10 (for cleavage by MPP) and a large hydrophobic residue at position À8 (beginning of the octapeptide) (Branda and Isaya, 1995; Schneider et al., 1998; Gakh et al., 2002; Emanuelsson et al., 2007) . Cleavable preproteins (69.6%) were significantly more frequent than noncleavable proteins (30.4%) in the N-proteome master set. We used the N-proteome to test two widely used programs for the prediction of mitochondrial cleavage sites, MitoProt II (Claros and Vincens, 1996) and TargetP (Emanuelsson et al., 2001 (Emanuelsson et al., , 2007 . With regard to the control set of 50 proteins, where the N-termini were determined in previous studies (Table S2) , TargetP correctly predicted 62% of the mature N-termini and MitoProt II 36%, including the prediction of noncleavable proteins-compared to the accuracy of 94% of the N-proteome ( Figure 2B ). We then tested the prediction programs for the large number of proteins of the N-proteome. TargetP predicted 41% of the mature N-termini and MitoProt II 34%, when both cleavable and noncleavable proteins were counted (Figure 2C, left panel) . The accuracy of prediction differed significantly between cleavable and noncleavable proteins. For preproteins with cleavable presequences, the processing site was only predicted in 21% (MitoProt II) to 33% (TargetP) of the cases, while the lack of cleavage was predicted in 61%-64% ( Figure 2C , columns 3-6). For the prediction programs, we also counted the sites that differed by one residue from the correct site (as the 1-residue processing by Icp55 described below was not known when the programs were designed), whereas for the determination of the accuracy of the N-proteome ( Figure 2B , column 1) only the exact sites were used.
In summary, cleavable preproteins form the most abundant class of mitochondrial proteins, yet the mature N-termini of the vast majority of cleaved proteins are not correctly predicted. TargetP showed a better performance than MitoProt II, yet only correctly predicted a third of the cleavage sites of presequencecarrying proteins within a range of ± 1 residue. Both programs were significantly better for predicting a lack of cleavage (up to two third of noncleavable proteins). TargetP predicted the published N-termini (control set) with significantly higher accuracy than the N-termini of the N-proteome, likely because the program was trained on published N-termini.
Identification of the Intermediate Cleaving Peptidase Icp55
To define the cleavage motif in mitochondrial preproteins, we compiled a reference set of very high confidence presequences derived from N-termini that were identified at least ten times (see Supplemental Experimental Procedures). The reference set showed a predominance of arginine residues at positions À2 and À3 (Figure 3, Relative frequency of amino acids in presequences (up to 20 residues of the C-terminal segment) and the first five residues of mature proteins identified in the N-proteome reference set (see Supplemental Experimental Procedures). Only presequences with 10 or more residues were analyzed. Upper panel, alignment according to N-proteome reference set; lower panel, Icp55 substrates were aligned according to the MPP cleavage site, i.e., one residue before the mature N-terminus.
N-terminus with high frequency and a one residue larger protein with low frequency (Tables S3 and S4 ). This suggested the hypothesis of a two-step cleavage, first by MPP (cleavage motif R-2, leading to an intermediate) and then by a peptidase that removes a single amino acid residue.
To screen for such a putative peptidase, we isolated mitochondria from mutant yeast strains of the known and predicted proteases that were found in the mitochondrial proteome (Sickmann et al., 2003; Reinders et al., 2006) . By western blotting, we compared the SDS-PAGE mobility of 29 mitochondrial proteins that are synthesized with presequence (and for which highaffinity antisera were available). We observed a slight migration difference for Mge1 and Nfs1 in one of the mutant mitochondria ( Figure 4A ) (mtHsp70 is shown as control). The corresponding yeast cells lacked the uncharacterized open reading frame YER078c, now termed ICP55 for intermediate cleaving peptidase of 55 kDa. Sequence homology indicates that Icp55 is a member of the aminopeptidase P (APP) family of metalloproteases (Ersahin et al., 2005; Rawlings et al., 2008) . icp55D cells were defective in growth on nonfermentable medium at elevated temperature (37 C) ( Figure 4B , left panel) (in wild-type, the levels of Icp55 were similar at 25 and 37 C [ Figure S2A ]). 
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Prot. Re-expression of ICP55 from a plasmid restored the growth of icp55D cells and the processing of Mge1 and Nfs1 ( Figure S2B ), confirming that the lack of Icp55 was responsible for the observed defects. Deletion of ICP55 led to synthetic growth defects with mutants of MPP and Oct1, suggesting a functional relation of Icp55 to mitochondrial processing enzymes. For MPP we used the temperature-sensitive mutant mas1 (Witte et al., 1988) . mas1 icp55D cells were impaired in growth on fermentable medium at 30 C and inviable on nonfermentable medium at any temperature ( Figure 4B, middle panel) ; oct1D icp55D cells showed a strong growth defect at elevated temperature on fermentable medium ( Figure 4B , right panel) (analysis on a nonfermentable medium was not possible due to the rho -genotype of oct1D yeast). In a fractionation of whole yeast cells, Icp55 was present in the mitochondrial fraction ( Figure 4C ). Icp55 remained protected against externally added protease after swelling of mitochondria and was digested only after lysis of the mitochondrial membranes with detergent ( Figure 4D ). Upon sonication of mitochondria in the presence of salt, Icp55 remained in the membrane fraction ( Figure 4E, lanes 1 and 2) . After treatment at alkaline pH, Icp55 was extracted ( Figure 4E , lane 6), indicating that it was not embedded into the lipid phase of the membrane, consistent with the lack of prediction of hydrophobic transmembrane segments. Thus Icp55 behaves like a protein that is peripherally attached to the mitochondrial inner membrane from the matrix side.
icp55D mitochondria imported the precursors of Mge1 and Nfs1 in a Dc-dependent manner to a protease-protected location like wild-type mitochondria with the exception that a slight mobility difference of the processed forms was observed ( Figure 4F ) in agreement with the western blot analysis of Figure 4A . In mas1 mutant mitochondria, the processing of Mge1 and Nfs1 was inhibited such that mainly the precursor form was observed ( Figure S2C ), indicating that MPP is the first protease cleaving the precursors.
We compared icp55D and wild-type mitochondria by the 2D-DIGE technique upon labeling with different fluorescent dyes. The proteins were separated by isoelectric focusing and SDS-PAGE. Proteins that migrated slightly more slowly on SDS-PAGE in icp55D mitochondria were subjected to mass spectrometry, leading to the identification of Mge1 and Atp16 ( Figure 4G ). To better visualize the small difference in gel mobility by standard western blotting, we loaded a wild-type sample between two identical icp55D samples and thus confirmed the mobility difference for all three proteins, Mge1, Nfs1 and Atp16 ( Figure 4H ).
The APP metalloproteases are conserved from bacteria to humans (Wilce et al., 1998; Ersahin et al., 2005; Rawlings et al., 2008) . Humans contain three genes for APP homologs. APP1 and APP2 are located in the cytosol and at the plasma membrane, respectively, whereas APP3 has not been analyzed at the protein level. Two APP members are predicted from the yeast genome: ORF Yll029w (Fra1) that is closely related to APP1 and APP2; and Icp55, which shows greater similarity to APP3 and E. coli APP. Two splice variants of human APP3 mRNA are known: APP3c and APP3m, which includes a predicted mitochondrial presequence (Ersahin et al., 2005) . We synthesized the APP3m protein in vitro. Upon incubation with yeast mitochondria, APP3m was imported in a Dc-dependent manner and processed (Fig. S2D) , whereas APP1 and APP2 were not imported into mitochondria. APP1 and APP2 are inhibited by the specific inhibitor apstatin (Wolfrum et al., 2001 ). The addition of apstatin to wild-type yeast mitochondria inhibited the processing of Atp16 to the mature form like the lack of Icp55 did ( Figure 4I, lane 3 versus lane 1) . Taken together, these findings suggest that Icp55 and APP3m are mitochondrial members of the APP family.
Substrate Specificity of Icp55
To characterize the Icp55 cleavage site and identify further substrate proteins, we analyzed the N-termini of mitochondrial proteins from icp55D versus wild-type yeast by three approaches: (1) COFRADIC analysis followed by LC-MS/MS, (2) Edman sequencing, and (3) multiple-reaction monitoring (MRM) . Taken together we identified 38 substrates of Icp55 and the cleavage site in each case (Table S4) .
(1) The N-proteome of icp55D mitochondria determined by COFRADIC analysis yielded proteins whose N-terminus differed by one residue from the mature N-terminus of wild-type mitochondria. In each case, this residue was tyrosine, phenylalanine or leucine ( Figure 5A ; Tables S4 and S5 ). Whereas in the icp55D mitochondria virtually only N-termini starting with one of the three amino acids were identified, wild-type mitochondria typically yielded both forms, the intermediate as well as the mature form. In the majority of cases in wild-type mitochondria, the peptides corresponding to the smaller protein (mature N-terminus) were more frequently found than the intermediate peptides (Table S4) .
(2) The cochaperone Mge1 can be specifically copurified via its ATP-sensitive interaction with matrix Hsp70. We purified Mge1 from wild-type and icp55D mitochondria and sequenced its N-terminus by Edman degradation, demonstrating that the N-terminus of icp55D mitochondria contained an additional tyrosine (Y44) (Figures 5B and S3) .
(3) Intermediate and mature N-terminal peptides of icp55D and wild-type mitochondria were also analyzed by MRM (Table  S6) , confirming the findings of the COFRADIC analysis that icp55D mitochondria accumulated intermediates that are one residue longer than the mature protein. A typical result is shown in Figure 5C . The N-terminal peptide corresponding to the mature form of Atp3 was found in high abundance in wild-type mitochondria and only in tiny amounts in icp55D mitochondria, whereas the intermediate peptide containing an N-terminal tyrosine was dominant in icp55D mitochondria.
To define the cleavage site of Icp55, the 38 substrate proteins are shown as amino acid blot of relative frequency ( Figure 5D ). Icp55 cleaves between the last amino acid of the presequence (tyrosine, leucine or phenylalanine) and the first residue of the mature protein, preferentially serine, alanine and threonine. When the frequency of COFRADIC identification of intermediate peptides versus mature N-termini was considered (Table S4 , wild-type mitochondria), the most frequent residue tyrosine was efficiently removed by Icp55 and thus was the best substrate of the new peptidase. The efficiency of cleavage was lower for leucine and phenylalanine (Table S4 ).
The characteristic arginine for MPP cleavage was highly abundant in position À3 of the presequences of Icp55 substrates and thus in position À2 of the MPP cleavage site ( Figure 5D ). Most importantly, when the N-proteome reference set of presequences, which contain arginine residues in À2 and À3 (Figure 3 , upper panel), was modified by removing the last amino acid of the presequences in case of Icp55 substrates, a high abundance of arginine at position À2 was found (Figure 3, lower panel) . This explains the puzzling situation with the MPP cleavage site: R-3 is not a MPP recognition motif but indicates a second processing to remove one further amino acid residue.
A Role of Icp55 for the Stability of Mitochondrial Proteins
To assess the functional relevance of Icp55, we systematically compared the amino acid residues at the positions À1 and +1 of the Icp55 cleavage sites and noticed a striking correlation with the N-end rule for prokaryotic proteins ( Figure 6A ). The N-end rule connects the N-terminal amino acid with the halflife of proteins in bacteria and the eukaryotic cytosol by differentiating between stabilizing and destabilizing amino acids (Varshavsky, 1996 (Varshavsky, , 2008 Mogk et al., 2007) . We found that of the four primary destabilizing amino acid residues of prokaryotes (tyrosine, leucine, phenylalanine and tryptophane), three were recognized and cleaved by Icp55 (no other amino acid was found at position À1 in the 38 substrates). Moreover, serine, alanine and threonine, the three amino acids that form the N-terminus after Icp55 processing in nearly all substrates, are categorized as stabilizing residues ( Figure 6A ).
We applied the N-end rule to the large list of mature N-termini identified in the N-proteome. Figure 6B shows the frequency of amino acids at the N-terminal position of cleaved proteins (upper panel). For comparison, we determined the amino acid composition of the entire mitochondrial proteome derived from 851
-4 -7 -8 -9 -10 -11 -6 -12 -13 - 14 -16 -15 -18 -19 -20 -17 Position (relative to mature N-termini) proteins (Reinders et al., 2006 ) ( Figure 6B , lower panel). The stabilizing residues serine and alanine were strongly enriched at the N-terminus (38.0% compared to 14.2% in the mitochondrial proteome), whereas the six destabilizing residues according to the prokaryotic N-end rule (Leu, Lys, Tyr, Phe, Arg, Trp; Varshavsky, 1996 Varshavsky, , 2008 were underrepresented at the N-terminus (19.7% versus 31.1% in the proteome). Thus, stabilizing amino acid residues dominate at the mature N-terminus of cleaved mitochondrial proteins. The noncleaved mitochondrial proteins start either with the first residue (methionine) or the second residue of the predicted amino acid sequence. Methionine aminopeptidases remove the first methionine from the majority of nascent polypeptides of a cell, yet only when the second residue is a stabilizing (small) residue (Meinnel et al., 2006; Mogk et al., 2007) . A systematic analysis of the N-proteome demonstrated that the noncleavable mitochondrial proteins agreed well with these observations (Figure 6C) . 77% of the noncleavable mitochondrial proteins lacked the first methionine. When the methionine was maintained, the second residue was destabilizing in most cases. In contrast, when the start methionine was removed, the N-terminal residue, i.e., the second residue of the predicted sequence, was stabilizing in the vast majority of proteins. Since methionine aminopeptidases function cotranslationally, the N-end rule of the yeast cytosol was used (Varshavsky, 1996 (Varshavsky, , 2008 Meinnel et al., 2006) .
Taken together, stabilizing amino acid residues according to the N-end rule are enriched at the mature N-termini of mitochondrial proteins, suggesting that the N-end rule may be valid for mitochondrial proteins and thus Icp55 would be required to remove destabilizing residues. According to this hypothesis, the activity of Icp55 should lead to a stabilization of mitochondrial proteins, i.e., should increase the half-life of its substrate proteins. For an experimental analysis, we isolated mitochondria from wild-type and icp55D cells and after incubation for different times spans, analyzed the protein levels ( Figure 6D ). The levels of the Icp55 substrates Aco1, Tim21 and Atp3 were decreased in a time-dependent manner in icp55D mitochondria, whereas the protein levels were stable in wild-type mitochondria. In contrast, the Rieske Fe/S protein (Rip1) and F 1 -ATPase subunit b, (F 1 b) , which are not substrates of Icp55, were of comparable stability in wild-type and icp55D mitochondria. In addition, we analyzed protein stability in vivo after blocking cytosolic protein synthesis with cycloheximide. The levels of Icp55 substrate proteins decreased in a time-dependent manner in icp55D cells, while nonsubstrate proteins like Mdh1 and F 1 b remained stable ( Figure 6E ). As a loading control we used the cytosolic protein Pgk1. These results suggest that the cleavage by Icp55 stabilizes the substrate proteins by removing destabilizing amino acids.
DISCUSSION
We report a comprehensive approach for the identification of the protein N-termini of an entire cell organelle. The proteomic analysis of yeast mitochondria yielded up to 851 different proteins (PROMITO; Reinders et al., 2006 ). Here we have identified the N-termini of 615 proteins, covering 72% of the PROMITO proteins. The mitochondrial N-proteome represents a rich source for the characterization of the N-terminal targeting signals and their cleavage sites. Mitochondria import precursor proteins by at least four different pathways, the presequence pathway and three pathways for noncleavable proteins (carrier, MIA and b-barrel proteins) (Dolezal et al., 2006; Neupert and Herrmann, 2007; Bolender et al., 2008) . Application of presequence prediction programs on the mitochondrial proteome suggested that only $43%-50% of the known proteins contain a presequence, suggesting that noncleavable precursor proteins are at least as abundant as cleavable precursors (Sickmann et al., 2003; Prokisch et al., 2006; Habib et al., 2007) . The experimental determination of cleavable N-termini in the N-proteome, however, indicated that up to 70% of mitochondrial proteins are synthesized with a presequence. We conclude that presequences are significantly more abundant than previously assessed and thus the presequence pathway is by far the major pathway of mitochondrial protein import. Based on the observation that a number of proteins of internal mitochondrial compartments yielded two N-termini that differed by one amino acid residue, we identified the intermediate cleaving peptidase Icp55 that removes one residue from the presequence after the cleavage by the major processing peptidase MPP. The identification of Icp55 solves the long-standing problem that the two most frequently observed MPP cleavage site motifs (R-2 and R-3) were not readily compatible with a specific recognition and cleavage mechanism of MPP (Branda and Isaya, 1995; Gakh et al., 2002; Emanuelsson et al., 2007; Habib et al., 2007) . In particular, the R-3 motif does not fit to the high-resolution structure of MPP that revealed an arginine at À2 of the cleavage site (Taylor et al., 2001 ). However, Gakh et al. (2002) pointed out that the two presequences cocrystallized with MPP were Oct1 substrates and may thus represent a special situation. Different explanations were discussed, from a high degree of amino acid sequence degeneracy at the MPP cleavage site (Gakh et al., 2002; Habib et al., 2007; Emanuelsson et al., 2007) to the existence of an unknown proteolytic activity that removes one residue in the case of R-3 (Schneider et al., 1998 ), yet no experimental answer was found. The N-proteome revealed that the vast majority of Icp55 substrates contain an arginine residue at R-3. The action of Icp55 converts them into R-2 substrates that fit perfectly into the mechanism of presequence binding and cleavage derived from the high resolution structures of MPP-presequence complexes (Taylor et al., 2001) . We conclude that R-3 does not represent a MPPcleavage site motif but is part of a motif for two-step cleavage, first by MPP and then by Icp55.
The identification of Icp55 revealed a new function of the aminopeptidase P family (Ersahin et al., 2005; Rawlings et al., 2008) . Of the three human APP members, only the function of APP2 has been defined so far. APP2 is located at the plasma membrane of vascular endothelial cells and involved in inactivation of bioactive peptides like bradykinin (Wolfrum et al., 2001; Ersahin et al., 2005) . Icp55 is related to human APP3 and bacterial APP with so far unknown biological function. We observed that the removal of a single amino acid residue by Icp55 led to a stabilization of the substrates-in contrast to the inactivating function of APP2. The characterization of Icp55 substrates suggests the hypothesis that the N-end rule for protein degradation is also applicable to mitochondria. The N-end rule connects the N-terminal amino acid residue with the half-life of proteins and was shown to exist in bacteria and the cytosol of eukaryotes (Varshavsky, 1996 (Varshavsky, , 2008 Mogk et al., 2007) . Though it has been speculated that a similar rule may exist in organelles, no experimental evidence has been reported so far (Meinnel et al., 2006) . We identified 38 substrates of Icp55, each containing a 'primary destabilizing residue' (prokaryotic N-end rule) after the initial cleavage by MPP. Icp55, which is associated with the mitochondrial inner membrane at the matrix side, removes the 'destabilizing residue' and generates an N-terminus with a 'stabilizing residue'. Icp55 substrate proteins were indeed much faster degraded in icp55D mitochondria than in wildtype mitochondria.
Noncleavable proteins of the cytosol and mitochondria typically contain N-termini with stabilizing amino acids according to the N-end rule since methionine aminopeptidases remove the first methionine from nascent polypeptides only when the second residue is a stabilizing one (Meinnel et al., 2006; Mogk et al., 2007) . The removal of targeting sequences by organellar processing enzymes like mitochondrial MPP, however, raises the problem that various new N-termini are generated, including also destabilizing residues. We propose the hypothesis that Icp55 and possibly further processing enzymes of mitochondria have the function to convert MPP-generated destabilizing N-termini into stable ones.
The APP cleavage motif reported for bacteria and humans is X-Pro with X being the N-terminal residue of peptides/polypeptides (Wilce et al., 1998; Ersahin et al., 2005) . APP thus removes the terminal residue before a proline. We observed that Icp55 has a much broader substrate specificity. Icp55 can remove the terminal residue in front of a proline, however, the majority of substrates contained serine, alanine or threonine instead of proline ( Figure 5A ). We speculate that Icp55 needs a broader substrate specificity in order to perform its stabilizing function for the mitochondrial proteome by processing different unstable intermediates generated by MPP. Interestingly, Graham et al. (2004) solved the high resolution structure of E. coli APP in complex with apstatin and reported that the structure could not explain the proline-specificity (amino acids other than proline would also be compatible in the active center). The analysis of Icp55 revealed that at least this APP family member recognizes a broader range of substrates.
Possible limitations of the N-proteome would be a cleavage by unspecific proteases during mitochondrial isolation or an incomplete labeling of internal peptides with TNBS. We thus performed a number of analyses to assess the validity of the N-proteome.
(1) The noncleavable Tom proteins of the outer membrane were used as sensitive markers for unspecific proteolysis or incomplete TNBS-labeling. In each case, the most frequent N-peptide corresponded to the noncleaved, authentic N-terminus. (2) A comparison of the entire N-proteome with the 50 proteins, whose N-termini had been previously determined by single protein studies, revealed an agreement of 94%. For several proteins we tested the N-proteome findings by (3) in vitro processing, (4) Edman degradation or (5) multiple reaction monitoring and observed a complete agreement with the COFRADIC results. (6) For several Icp55 substrates, more than one N-terminus was reproducibly found and identified to belong to intermediate and mature protein, respectively. Thus the multiple N-termini were not caused by an unspecific cleavage but indicated a high sensitivity of the approach in identifying processing intermediates. (7) The complete separation between 'destabilizing' and 'stabilizing residues' according to the prokaryotic N-end rule before and after cleavage by Icp55 for all 38 substrates identified also supports a high specificity of the N-terminal determination and argues against unspecific cleavage. In summary, we conclude that the vast majority of deduced presequences and N-termini of the mitochondrial N-proteome are authentic.
The identification of Icp55 and the clarification of the controversial situation with the MPP cleavage site illustrate that the systematic analysis of the mitochondrial N-proteome opens many possibilities for future experimental and bioinformatics studies. The N-proteome strongly broadens the basis for the development and training of presequence and cleavage site prediction programs. A number of mitochondrial presequences contain an arginine residue at position À18 or À11 (Figure 3) . This raises the possibility of a three-step cleavage MPP-Oct1-Oct1 or MPP-Icp55/Oct1. The N-proteome provides the basis to systematically test the hypothesis of a mitochondrial N-end rule, not only with artificial substrates but also with a large number of physiological substrates (by comparing proteins before and after cleavage by Icp55). It will be interesting to address if the two splice variants of human APP3, APP3m (mitochondrial) and APP3c (likely cytosolic), function in stabilization of proteins in mitochondria and the cytosol, respectively. It is also conceivable that mitochondria contain further processing enzymes. A systematic N-proteome analysis of mutant mitochondria lacking the various proteases found in the mitochondrial proteome, as performed here for icp55D mitochondria, may be a promising approach. Whereas mitochondria lack a ubiquitin-proteasome system, homologs of bacterial proteases are promising candidates for identification of the protease system that functions in a mitochondrial N-end rule pathway: ClpP found in mitochondria of higher eukaryotes and Pim1 (Lon) in yeast mitochondria (that lack a ClpP homolog) (Meinnel et al., 2006; Mogk et al., 2007) . Finally, our findings raise the possibility that stabilizing intermediate peptidases may also be relevant for other organelles with cleavable preproteins such as chloroplasts and endoplasmic reticulum. The generation of a comprehensive N-proteome of these cell organelles will be an important task.
EXPERIMENTAL PROCEDURES
Purification of Yeast Mitochondria and Protein Import Mitochondria were isolated from S. cerevisiae. Crude mitochondrial fractions were obtained by differential centrifugation of yeast homogenate and purified by sucrose gradient centrifugation (Sickmann et al., 2003) . Highly pure mitochondria were stored in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS/KOH, [pH 7.2]).
35 S-labeled precursor proteins were generated by in vitro transcription/translation and incubated with mitochondria in import buffer (3% [w/v] bovine serum albumin, 250 mM sucrose, 5 mM MgCl 2 , 80 mM KCl, 5 mM KP i , 10 mM MOPS/KOH, [pH 7.2]). After treatment with proteinase K (50 mg/mL), mitochondria were reisolated and analyzed by SDS-PAGE and digital autoradiography. As control, Dc was dissipated prior to the import reaction by addition of valinomycin, antimycin A and oligomycin.
Fractionation of Mitochondria and Analysis of Protein Turnover
Isolated mitochondria were sonicated in SEM buffer containing 100-250 mM NaCl. For alkaline treatment, mitochondria were incubated in 100 mM sodium carbonate, followed by separation of pellet and supernatant by ultracentrifugation. Swelling of mitochondria was performed in 31 mM sucrose, 1 mM EDTA, 10 mM MOPS/KOH, (pH 7.2). For coimmunoprecipitation of Mge1, mitochondria were depleted of ATP by incubation with apyrase and oligomycin, followed by lysis with Triton X-100. The lysates were incubated with mtHsp70-Protein A Sepharose and complexes were eluted with glycine, (pH 2.5).
The turnover of proteins in isolated mitochondria was analyzed by incubation of mitochondria in SEM buffer at 37 or 22 C, followed by SDS-PAGE and immunoblotting. Protein turnover in vivo was analyzed by adding cycloheximide to yeast cells growing at 37 or 22 C, followed by incubation for different time spans, preparation of yeast cell extracts, SDS-PAGE and immunoblotting.
Combined Fractional Diagonal Chromatography and Mass Spectrometry
For separation of N-terminal peptides by COFRADIC, highly pure mitochondria were lysed, disulfide bonds were reduced and alkylated prior to acetylation of N-termini with trideutero-acetyl N-Hydroxy-Succinimide. Samples were digested with trypsin, V8 protease or chymotrypsin overnight at 25 C or 37 C, respectively. Purified dried peptides were reconstituted in 0.1% trifluoroacetic acid (TFA) and separated on an Ultimate 3000 LC system. During the primary run, 16 fractions of 4 min each were collected and dried under vacuum. N-termini of internal peptides were derivatized with TNBS (Gevaert et al., 2003) . Afterwards, fractions were applied to a secondary RP-HPLC run with identical chromatographic conditions. Fractions were collected in the same time intervals as before, dried under vacuum and prepared for LC-MS/MS analysis.
The LC-MS/MS analysis yielded 665,571 spectra. For interpretation of the MS/MS data, a peptide database of the mitochondrial proteome including N-terminally truncated versions was generated, including reverse sequences for estimation of false discovery rates. See Supplemental Experimental Procedures for more details.
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